N 6 -methyladenosine (m 6 A) is the most abundant modification of eukaryotic mRNA. Although m 6 A has been demonstrated to affect almost all aspects of RNA metabolism, its global contribution to the post-transcriptional balancing of translational efficiency remains elusive in plants. In this study, we performed a parallel analysis of the transcriptome-wide mRNA m 6 A distribution and polysome profiling in two maize (Zea mays) inbred lines to assess the global correlation of m 6 A modification with translational status. m 6 A sites are widely distributed in thousands of protein-coding genes, confined to a consensus motif and primarily enriched in the 39 untranslated regions, and highly coordinated with alternative polyadenylation usage, suggesting a role of m 6 A modification in regulating alternative polyadenylation site choice. More importantly, we identified that the m 6 A modification shows multifaceted correlations with the translational status depending on its strength and genic location. Moreover, we observed a substantial intraspecies variation in m 6 A modification, and this natural variation was shown to be partly driven by gene-specific expression and alternative splicing. Together, these findings provide an invaluable resource for ascertaining transcripts that are subject to m 6 A modification in maize and pave the way to a better understanding of natural m 6 A variation in mediating gene expression regulation.
N 6 -methyladenosine (m 6 A) is the most prevalent and physiologically relevant mRNA modification and is currently the best example of a complete epitranscriptomic system with known writer (Zhong et al., 2008; Liu et al., 2014; Ping et al., 2014; Schwartz et al., 2014; Shen et al., 2016; Mendel et al., 2018; Yue et al., 2018 Yue et al., , 2019 , reader (Wang et al., 2014a Xiao et al., 2016; Li et al., 2017; Shi et al., 2017; Arribas-Hernández et al., 2018; Huang et al., 2018; Scutenaire et al., 2018; Wei et al., 2018; Wu et al., 2018) , and eraser proteins (Jia et al., 2011; Zheng et al., 2013; Duan et al., 2017) in both plants and mammals. m 6 A has been demonstrated to be essential for the earliest stages of cell fate determination and cell differentiation in plants (Bodi et al., 2012; Shen et al., 2016) , metazoans (Yue et al., 2015; Haussmann et al., 2016; Lence et al., 2016) , and mammals (Wang et al., 2014b; Geula et al., 2015; Hsu et al., 2017) , and is linked with diseases in humans (Homo sapiens) and other mammalian species (Jia et al., 2011; Zheng et al., 2013; Lin et al., 2016; Cui et al., 2017; Yoon et al., 2017; Zhang et al., 2017a; Wang et al., 2018) as well as required for yeast (Saccharomyces cerevisiae) and mice (mus musculus) meiosis (Zheng et al., 2013; Bodi et al., 2015; Xu et al., 2017) . Reduced levels of m 6 A also affect the circadian period in mice (Fustin et al., 2013) , and lead to partial infertility in Drosophila (Lence et al., 2016; Kan et al., 2017) . m 6 A mediates its physiological effects by influencing the fate of mRNA, and has been connected with a wide range of mRNA metabolism, including nuclear export (Fustin et al., 2013; Roundtree et al., 2017) , secondary structure Liu et al., 2017) , pre-mRNA splicing (Zhao et al., 2014; Haussmann et al., 2016; Xiao et al., 2016) , alternative polyadenylation (APA) site choice (Ke et al., 2015; Molinie et al., 2016; Kasowitz et al., 2018; Yue et al., 2018) , stability (Wang et al., 2014a; Shi et al., 2017; Huang et al., 2018) , translatability (Meyer et al., 2015; Wang et al., 2015; Zhou et al., 2015; Li et al., 2017; Shi et al., 2017; Slobodin et al., 2017; Zhou et al., 2018) , pri-microRNA processing (Alarcón et al., 2015) , and other mechanisms accompanying RNA maturation (Meyer and Jaffrey, 2014; Yue et al., 2015; Yang et al., 2017) .
The impact of m 6 A on translation has been subjected to substantial examinations in recent years (Meyer, 2018) . Several studies have reported stimulatory effects of m 6 A on translation (Meyer et al., 2015; Wang et al., 2015; Coots et al., 2017; Li et al., 2017; Shi et al., 2017) , whereas other studies have shown inhibitory effects (Choi et al., 2016; Qi et al., 2016; Slobodin et al., 2017) . Current research has found that diverse effects of m 6 A on translation regulation are dictated by many factors, including its effect on RNA structures (Wang et al., 2014b; Liu et al., 2015; Roost et al., 2015; Spitale et al., 2015; Liu et al., 2017) , the location within a transcript (Meyer et al., 2015; Qi et al., 2016) , the proteins (readers) that recognize it Li et al., 2017; Shi et al., 2017) , and the cellular environment Zhou et al., 2018) , among other factors Roignant and Soller, 2017; Meyer, 2018) .
How m 6 A affects translation has not yet been studied in any plant species. In this study, we illustrated the patterns and features of mRNA m 6 A marks in two maize (Zea mays) inbred lines, B73 and Mo17, and examined the global extent of m 6 A correlating with translational status. By combining a parallel transcriptomewide profiling of m 6 A distribution and polysome occupancy, we showed that m 6 A modification conferred a negative correlation with the translational status at a global scale. Meanwhile, the incidence of m 6 A modification near the start codon tended to enhance the translational status. These results indicate that the involvement of m 6 A in affecting translational status is multifaceted, and varied in the context of its strength and genic location. Furthermore, we identified that thousands of genes were subject to natural variation in the specific modification of m 6 A, which is at least partly associated with the intraspecies variations in alternative splicing.
RESULTS

Features of the m 6 A Methylome in Maize
To obtain insight into the roles of m 6 A in affecting translational status, we conducted m 6 A RNA immunoprecipitation sequencing (m 6 A-seq; Dominissini et al., 2012; Meyer et al., 2012) , polysome profiling (Juntawong et al., 2014; Zhang et al., 2017b) , and input RNA sequencing (RNA-seq) for the same samples collected from two maize inbred lines, B73 and Mo17 (Fig. 1A) . To determine the locations of m 6 A modifications throughout the transcriptome, we adapted an analytical algorithm for identifying m 6 A peaks as described elsewhere (Dominissini et al., 2013; Yoon et al., 2017) . m 6 A peaks were highly overlapped between two biologically independent replicates (Fig. 1B) , and the concordant peaks from two replicates were used for subsequent bioinformatics analyses. In B73, m 6 A-seq revealed a total of 11,185 peaks, including 8,265 protein-coding mRNAs ( Supplemental Table S1 ), 76 long non-coding RNAs ( Supplemental Table S2 ) and 140 transposable element transcripts (Supplemental Table S3 ). The majority of protein-coding genes (.90%) contain a single m 6 A residue (Supplemental Fig. S1 ). Using m 6 A reverse transcription quantitative PCR (RT-qPCR), all of the nine randomly selected m 6 A peak-containing genes were verified (Supplemental Fig. S2 ), implying a high authenticity of our data.
Consistent with previous studies in both mammals and plants (Meyer et al., 2012; Li et al., 2014; Luo et al., 2014; Wan et al., 2015) , m 6 A peaks in protein-coding genes were primarily enriched in the 39 untranslated region (UTR; ;69.2%) and in the vicinity of the stop codon (;20.4%; defined as a 200-nt window centered on the stop codon), while less present in coding sequences (CDS; ;4.7%), near start codons (;0.6%; defined as a 200-nt window centered on the start codon), in the 59UTR (;0.7%), and in spliced intronic regions (; 4.4%; Fig. 1, C and D; Supplemental Fig. S3 ). De novo motif analysis of m 6 A peaks using both the MEME (Bailey et al., 2009) and the HOMER software programs (Heinz et al., 2010) identified a UGUAMM sequence motif (M 5 A or C; Fig. 1 , E-G) that is exactly the same as the motif previously identified from a set of m 6 -A-methylated genes in rice (Oryza sativa; Li et al., 2014) , and similar to a URUAY motif recently considered as a plant-specific m 6 A motif proven to be bound by the m 6 A reader ECT2 in Arabidopsis (Arabidopsis thaliana; Wei et al., 2018) ; however, it is distinct from the canonical RRACH motif reported in other organisms (Dominissini et al., 2012; Meyer et al., 2012) .
To predict the biological functions associated with m 6 A-modified genes, we performed gene ontology (GO) enrichment analysis and found that proteins encoded by genes with the highest level of m 6 A modification (top 20%; see "Materials and Methods") were involved in a variety of cellular functions, including RNA processing, ATP metabolism, transcription regulation, etc. Transcripts encoding mitotic cell cycle control were identified as the most significantly enriched group (Fig. 1H ). Collectively, these results indicate that the high level of m 6 A modification tends to mark transcripts with regulatory functions.
We performed all the analyses in Mo17 (Supplemental Figs. S4-S6; Supplemental Tables S4 and S5) , and all the results about the m 6 A methylome in Mo17 were consistent with the findings in B73. Taken together, our analysis revealed that thousands of transcripts were posttranscriptionally modified by m 6 A in maize, and the overall topology of the m 6 A methylome showed both conserved and unique features compared to other organisms such as mammals (Dominissini et al., 2012; Meyer et al., 2012) .
Possible Relation of m 6 A to the Choice of Poly(A) Sites
In mammals, the m 6 A modification has been demonstrated to play a role in choosing APA sites (Ke et al., 2015; Molinie et al., 2016; Kasowitz et al., 2018; Yue et al., 2018) . The strong enrichment of m 6 A peaks in 39UTRs prompted us to investigate whether m 6 A marks are correlated with APA usage in maize. From a total of 18,676 expressed genes detected in our B73 RNA-seq data set ( Fig. 2A ; Supplemental Table S6 ; and see "Materials and Methods"), we found that 67.6% of genes (n 5 8,549) containing at least two poly(A) sites were m 6 A-methylated, which was remarkably higher than 24.8% of genes (n 5 10,127) without APA sites (Fisher's exact test, P value , 2.2 3 10 216 ; Fig. 2 , A, B, and D). Vice versa, 69.7% of m 6 A-modified genes Figure 1 . The m 6 A methylome in the maize inbred line B73. A, Schematic diagram of m 6 A-seq and polysome profiling in parallel. NGS, next generation sequencing. B, Overlap of m 6 A peaks between two biological replicates (Rep1 and Rep2). C, Metagene profile of m 6 A peak distribution along a normalized transcript composed of three rescaled nonoverlapping segments, 59 UTR, CDS, and 39 UTR. D, Pie chart depicting the percentage of m 6 A peaks within six transcript segments. E, Sequence motif identified from the top 2,000 most significant m 6 A peaks by the software MEME. F, Sequence motif identified from the top 2,000 most significant m 6 A peaks by the software HOMER. G, A representative Integrative Genomics Viewer (http://www.igv.org/) plot showing a m 6 A motif sequence (highlighted in red) identified in (E) and (F) at the center of a peak within the 39 UTR of Zm00001d031318. The peak summit is indicated with a dashed rectangle box. H, GO enrichment analysis using the software FuncAssociate 3.0 for five groups of genes ranked by m 6 A levels. The color bar stands for the 2log 10 (P value) of each GO term. The size of the circle indicates the number of genes in each GO term.
(n 5 8,291) were identified to harbor APA events, which was significantly higher than 26.7% of nonmethylated genes (n 5 10,385; Fisher's exact test, P value , 2.2 3 10 216 ; Fig. 2 , A, C, and D). Moreover, the intimate association of m 6 A marks with APA usage was also consistently observed in Mo17 (Supplemental Fig.  S7 ; Supplemental Table S7 ). These results clearly indicate that the m 6 A modification may be associated with the decision to choose poly(A) sites in maize.
To further ascertain whether the effect of m 6 A on APA usage is dependent on its location on 39UTRs, we divided m 6 A-methylated genes into six categories according to m 6 A sites on different genic segments. Surprisingly, we found that besides m 6 A-methylated sites on 39UTRs, it was evident that genes with m 6 A marks on any other segments also exhibited a significant correlation with APA usage than genes without m 6 A modification (Supplemental Fig. S8 ), suggesting that the effect of m 6 A modification on APA usage may be a general output regardless of its genic location.
Effect of the m 6 A Modification on Translation
It has been reported in various species that the m 6 A strength is negatively correlated with the transcript abundance, possibly by affecting mRNA decay (Li et al., 2014; Wang et al., 2014a; Wan et al., 2015; Martínez-Pérez et al., 2017; Anderson et al., 2018) . Consistently, we revealed a significantly negative correlation (r 5 20.66, P value , 2.2 3 10 216 for B73 and r 5 20.65, P value , 2.2 3 10 216 for Mo17) between m 6 A and the mRNA level in maize (Supplemental Fig. S9 ). Then, we performed transcriptome-wide polysome profiling and calculated the translational status of each expressed gene (ratio of the polysome-bound fraction to total mRNA) to assess the effect of m 6 A on translation at a global scale (Supplemental Fig. S10 ). As shown in Figure 3A , although m 6 A-modified transcripts displayed a tendency of a higher level of translational status than transcripts without m 6 A marks, we observed that hypermethylated transcripts had the lowest degree of translational status after ranking the genes into five groups based on the m 6 A strength, suggesting that the excessive extent of m 6 A modification may likely attenuate the translational status. In contrast, the level of gene transcription showed a positive correlation with translational status (Supplemental Fig. S11 ).
We next examined the relationship between m 6 A methylation and translational status by plotting the fraction of genes with m 6 A peaks in each genic segment. Surprisingly, we found that although the overall level of m 6 A near the start codon was low (Fig. 1C ), transcripts with m 6 A marks in the vicinity of the start codon showed the highest translational status than any other segments ( Fig. 3B ), raising an intriguing Figure 3 . Effect of the m 6 A modification on translation in B73. A, The m 6 A level and translational status shows a negative correlation. m 6 A-depleted and m 6 A-modified transcripts are displayed in blue and deep red, respectively, and the P value was calculated using the Wilcoxon rank-sum test. The P value among groups with different m 6 A levels was calculated using the Kruskal-Wallis test. B, Transcripts with m 6 A residues near the start codon (deep red) exhibit the highest level of translational status. *P , 0.05, **P , 0.01, and ***P , 0.001. C, K-means clustering analysis of all the m 6 A-modified transcripts based on m 6 A intensity and translational status. Each level of m 6 A methylation and translational status was converted to percentiles using the empirical cumulative distribution function. The percentile indicates converted m 6 A level and translational status. The color indicates the relative m 6 A methylation and translational status. A total of four clusters were identified and the number of genes in each cluster is shown. D, GO enrichment analysis for Cluster 1 (left) and Cluster 3 (right) using the software FuncAssociate 3.0 (permutation-based corrected P value , 0.05). All significantly enriched GO terms are listed in Supplemental Table S8 . Each node indicates an enriched GO term and the node size is proportional to the total number of genes in each pathway. possibility that the occurrence of m 6 A nearby the start codon may have the ability to enhance mRNA translation. Indeed, after we performed m 6 A methylated RNA immunoprecipitation (MeRIP) toward the polysome-mRNA fractions, we found that two randomly selected genes with m 6 A sites near the start codon exhibited aggregated m 6 A strength relative to that detected from the total mRNA. In contrast, two genes with m 6 A sites in the 39UTR did not show such regularity (Supplemental Fig. S12 ). These results suggest that at least for the genes tested, the presence of the m 6 A mark near the start codon in mRNA may facilitate the loading of mRNA onto the ribosomes. Moreover, we performed GO term enrichment analysis for m 6 -A-methylated genes grouped according to m 6 A sites on different genic segments. Interestingly, we found that proteins encoded by transcripts with the m 6 A mark in the vicinity of the start codon were enriched in the category of nucleosome (Supplemental Fig. S13 ). Meanwhile, the functional category of histone binding was enriched in proteins encoded by transcripts with m 6 A sites in the CDS (Supplemental Fig. S13 ). In contrast, we could not detect any GO enrichment for all the other groups of genes.
To further investigate whether m 6 A may coordinate translational control in the context of distinct biological pathways, we performed the k-means clustering analysis to group all the m 6 A-modified genes into four classes based on the levels of m 6 A and translational status ( Fig. 3C; Supplemental Fig. S14 ; see "Materials and Methods"). We then conducted GO term enrichment analysis across the different clusters ( Supplemental  Table S8 ). In Cluster 1, which was signified by the low level of m 6 A methylation but the high level of translation efficiency, two of the most significant enriched groups were translation and RNA methylation processes ( Fig. 3 , C and D).
Interestingly, the Cluster 1 group also showed characteristics as the lowest proportion of APA usages (Supplemental Fig. S15A ) and the highest proportion of transcripts with m 6 A near the start codon (Supplemental Fig. S15B ). In contrast, genes involved in purine metabolism were exceedingly enriched in Cluster 3, which exhibited the highest level of m 6 A modification but the lowest level of translational status (Fig. 3 , C and D), as well as the highest proportion of APA usages (Supplemental Fig. S15A ) and the lowest proportion of transcripts with m 6 A near the start codon (Supplemental Fig. S15B ). As the specific functional enrichment was identified for all four clusters, it clearly indicates that genes participating in distinct biological pathways may be subject to m 6 A-mediated translational control in different manners.
Notably, after investigating the correlation of m 6 A modification and translational status in Mo17 (Supplemental Figs. S16-S19; Supplemental Table S9 ), we saw the same pattern as we identified in B73. Altogether, these results suggest that m 6 A modification may play a role in bridging the transcription and translation, hierarchically organized by its strength and genic location in maize.
Natural Variation in m 6 A Modification between B73 and Mo17
We next examined the extent of natural intraspecies variation in m 6 A modification. At the gene level, we found that 6,237 genes (type I) were commonly modified by m 6 A in both B73 and Mo17, while there were 1,938 genes (type II) and 929 genes (type III) that were only modified in B73 or Mo17, respectively (Fig. 4, A  and B) . As a post-transcriptional modification, the specific appearance of m 6 A sites is conceivably decided by gene-specific expression. However, we found that the inbred-specific expression could only explain a small proportion of genes within both the type II and III groups (Supplemental Fig. S20 ). In addition, we identified hundreds of genes with differential levels of m 6 A modification between B73 and Mo17 (Supplemental Fig. S21 ). These results indicate that although the overall topology of the m 6 A methylome is largely conserved between B73 and Mo17, there is a substantial number of genes with natural variation in m 6 A modification.
We then searched for the relevant features associated with or possibly responsible for inbred-specific m 6 A modification. Interestingly, relative to type I, m 6 A peaks in type II or type III showed a marked increase in the proportion of the spliced intronic segment (Fisher's exact test, P value , 0.001; Fig. 4C ), suggesting that the alternative splicing of mRNA between two inbred lines may at least in part be attributed to the inbred-specific m 6 A modification. In contrast, the proportion of genes with APA usage in type II and type III turned out to be less compared to that in type I (Fig. 4D ), suggesting that the specific m 6 A-modification in type II or type III was not driven by the alteration in APA usage. Moreover, the specific modification in type II occurred with higher probability in the vicinity of the start codon (Fisher's exact test, P value 5 0.03), but not for other genic segments, when compared with the specific modification in type III (Fig. 4C) . However, the proportions of genes with APA usage were comparable between type II and type III (Fig. 4D ). Furthermore, we did not observe the enrichment of any significant GO terms for genes belonging to either type II or type III.
To address whether such natural variation in m 6 A modification had effects in gene expression regulation, we assessed the levels of translational status for genes in type II and type III, and made comparisons to type I. The results showed that the translational status was statistically lower for type II (Wilcoxon rank-sum test, P value 5 6.9 3 10 29 ) and type III (Wilcoxon rank-sum test, P value 5 1.1 3 10 27 ) compared to type I (Fig. 4E) , indicating that genes commonly modified by m 6 A in both B73 and Mo17 may possess higher translational status than genes specifically modified in either B73 or Mo17. In contrast, there was no significant difference of the translational status between type II and type III at a global scale (Fig. 4E ), or across each of the genic segments (Supplemental Fig. S22 ). Taken together, these results indicate that the natural variation in m 6 A actively occurs, and thereby may confer the other layer of gene expression regulation within species.
DISCUSSION
Topology and Features of m 6 A Modification in Maize
Our transcriptome-wide m 6 A mapping revealed an extremely asymmetric distribution of mRNA m 6 A methylation with the majority of m 6 A sites enriched in the 39UTR in maize. In fact, a marked bias of m 6 A sites in 39UTRs has been observed in nearly all species examined to date, including rice (Li et al., 2014) and Arabidopsis (Luo et al., 2014; Wan et al., 2015) , suggesting that although the degree of this skewness seems variable, an evolutionary constraint may target the m 6 A deposition to the 39UTR of genes regardless of gene structure or coding potential. This raises an intriguing question of what the underlying mechanisms of methylation specificity are. In this study, we found that m 6 A-methylated genes are highly likely to harbor APA events in maize. Meanwhile, we extended the investigation of the relationship between m 6 A and APA site selection in other plant species, including Arabidopsis (Col-0, Can-0, Hen-16) and rice, using published data (Li et al., 2014; Luo et al., 2014; Duan et al., 2017) . The results revealed that the effect of m 6 A modification on APA usage was conserved in all plant species investigated (Supplemental Fig. S23 ). APA is a widespread phenomenon in eukaryotes, generating mRNAs with alternative 39ends (Elkon et al., 2013; Tian and Manley 2017) . The causative relation between m 6 A and APA was demonstrated by a recent study in mouse, showing that a nuclear m 6 A reader YTHDC1 plays a critical role in m 6 A-dependent processing of pre-mRNA transcripts, and the loss of YTHDC1 altered the APA usage for more than 800 genes (Kasowitz et al., 2018) . In addition, it is likely that the involvement of m 6 A in APA usage may operate the other way around in maize, i.e. the occurrence of APA in 39UTR marking transcripts with m 6 A sites. Alternatively, the bias of m 6 A methylation in the 39UTR may be achieved by preferential recruitment of m 6 A methylase to the 39UTR of genes by interacting with 39UTR-binding proteins (Yue et al., 2018) , or microRNAs, which were recently demonstrated to regulate the binding of m 6 A methylase to mRNA in a sequence-dependent manner .
Early studies from numerous organisms have confirmed a RRACH sequence as the canonical m 6 A consensus motif (Dominissini et al., 2012 (Dominissini et al., , 2013 Meyer et al., 2012) , whereas we found that maize may utilize a distinct motif sequence (UGUAMM). The search using the UGUAMM sequence as the inquiry against all the expressed genes yielded a total of 34,173 sites, indicating that the majority of UGUAMM motifs in mRNA lack the m 6 A modification. Therefore, it remains unclear how the methylation machinery selectively targets a subset of consensus motifs in the 39UTR. We suspect that cis-elements such as the neighboring RNA sequences or secondary structures may likely have accessory roles in methylation specificity. Although not explored in plants yet, the impact of m 6 A on translation has been extensively studied in many other organisms (Meyer et al., 2015; Wang et al., 2015; Choi et al., 2016; Qi et al., 2016; Coots et al., 2017; Li et al., 2017; Slobodin et al., 2017) , leading to a paradoxical conclusion that m 6 A marks enable both stimulatory and inhibitory effects on translation. In this study, after integrating the analyses from the mRNA transcriptome, m 6 A profiling, and polysome occupancy, we uncovered a general theme illustrating how m 6 A marks affect translational status in maize ( Fig. 5 ): Transcripts with low m 6 A levels exhibit relatively high translational status; however, the excessive deposition of m 6 A marks on transcripts caused negative effects on translational status, indicating that the hypermethylated state of transcripts may inhibit the accretion of ribosomes and lead to the decrease in the translational status. Compared to other genic segments, the presence of m 6 A marks in the vicinity of the start codon may have the greatest effect on enhancing the translational status. Based on these findings, we conclude that dependent on its strength and genic location, the cotranscriptional m 6 A modification on mRNAs has multidimensional effects on translational status in maize.
As an epitranscriptome mark, m 6 A would be primarily recognized by reader proteins to fulfill its biological functions. This raises an attractive question of what the mechanistic connection between readers and m 6 A is, that influences the translational status. Although the translational regulation of m 6 A-modified mRNAs by m 6 A readers has not been reported in plants yet, this fascinating field has emerged to be unveiled recently in mammalian cells. The YTHDF2 protein, for instance, decreases the amount of m 6 A-methylated mRNA in translatable fractions by sequestering m 6 A-containing mRNAs to processing bodies and eventually facilitating their degradation (Wang et al., 2014a) . In contrast, YTHDF1 and YTHDF3 recognizes m 6 A residues in 39UTRs and promotes translation through interaction with initiation factors or ribosomal subunit proteins (Wang et al., 2014a Li et al., 2017; Shi et al., 2017) . Moreover, besides being conveyed by reader proteins, the effect of m 6 A residues on translation could also be accomplished by its direct impact on secondary and tertiary RNA structures (Wang et al., 2014b; Roost et al., 2015; Spitale et al., 2015; Liu et al., 2015 Liu et al., , 2017 ) , or its impairment on ribosome stalling or tRNA accommodation at methylation-affecting codons, leading to the reduced translation kinetics (Choi et al., 2016) .
How m 6 A sites near start codons enhance the translational status is also an important area of future study. In principle, only the translating ribosomes can detect start codons, and this event occurs in the cytoplasm. However, m 6 A modification should take place primarily in the nucleus. Therefore, the start codon itself is unlikely to be the cause of the m 6 A enrichment near the start codon. This is distinct from m 6 A-mediated regulation of cap-dependent or -independent translation, both scenarios of which are related to m 6 A residues located in the 59UTR (Meyer et al., 2015) .
In sum, we conducted a parallel analysis of the transcriptome-wide m 6 A profiling and polysome occupancy in two maize inbred lines. We found many conserved and unique features of m 6 A localization in maize when compared to other organisms, and demonstrated that m 6 A modification is involved in orchestrating transcription and translation at a global scale in maize. We further characterized the mode of m 6 A methylation correlated with translational status by its strength and location in transcripts. Lastly, we found that thousands of genes exhibit distinctly inbred-specific methylation, highlighting that m 6 A modification confers a new dimension of natural variance in posttranscriptional gene regulation.
MATERIALS AND METHODS
Plant Materials
Seeds of maize (Zea mays) inbred lines B73 and Mo17 were sterilized by 70% ethanol for 1 min followed by 5% sodium hypochlorite solution for 5 min and rinsed five times with sterile water. Then seeds were sowed in pots containing a mixture of vermiculite and soil (1:1, v/v) and grown in the growth chamber at 28°C for 16 h in the light and 25°C for 8 h in the dark. After 14 d, aerial tissues were harvested, immediately frozen in liquid nitrogen, and stored at 280°C.
m 6 A MeRIP
Total RNA was extracted using TRIzol reagent (cat. no. 15596-018; Ambion Life Technologies) according to the manufacturer's protocol. Polyadenylated RNA was isolated using the GenElute mRNA Miniprep Kit (Sigma-Aldrich) following the manufacturer's instructions. Immunoprecipitation of m 6 A was adapted from the protocol of the Magna MeRIP m 6 A Kit (Millipore). Briefly, mRNA was adjusted to 27 mL with the concentration of ;1 mg/mL, followed by adding 3 mL of 103 RNA fragmentation buffer (CS220011) for 4 min at 94°C and then adding 3 mL of EDTA (0.5 M) to terminate the reaction. The fragmented RNA was purified by ethanol precipitation. Then, 30 mL of magnetic A/G beads (CS203152) was preincubated with 10 mg of anti-m 6 A antibody (MABE1006) in 13 immunoprecipitation (IP) buffer for 30 min at room temperature. A total of 0.5-mg fragmented RNA was saved for RNA-seq as input control, and 20-mg fragmented mRNA was incubated with the antibody-beads mixture to a final volume of 500 mL for 2 h at 4°C with constant rotating. After washing 3 times with 13 IP buffer, RNA was eluted with 100 mL of elution buffer two times and all elutes from the same samples were combined, and subsequently purified using the RNA Clean & Concentrator Kit (ZYMO). Purified m 6 A-IP samples and input RNAs were subjected to library construction.
Polysome Profiling
Polysome isolation by differential centrifugation was performed as described in Zhang et al. (2017b) . In brief, 2 g of tissue powder was homogenized in 5 mL of polysome extraction buffer ( Figure 5 . A general theme describing the multidimensional correlations of m 6 A marks on translational status. A, Transcripts with low m 6 A levels exhibit high translational status. B, Moderate m 6 A marks are associated with the median level of translational status. C, Excessive deposition of m 6 A marks decreases the translational status. D, The deposition of m 6 A marks in the vicinity of the start codon may promote the translational status. 2% [v/v] polyoxyethylene, 5 mM of dithiothreitol, 0.5 mg/mL of heparin, 100 mg/mL of chloramphenicol, and 25 mg/mL of cycloheximide). Crude cell lysate was centrifuged at 13,200 g for 15 min at 4°C. The supernatants were loaded on the top of a 1.7 M of Suc cushion and centrifuged at 45,000 rpm (model no. SW 55 Ti Swinging Bucket Rotor in a model no. L-100XP Ultracentrifuge; Beckman Coulter) for 3 h at 4°C. The ribosome pellet was resuspended in 200 mL of resuspension buffer (200 mM of Tris-HCl at pH 9.0, 200 mM of KCl, 35 mM of MgCl 2 , 25 mM of EGTA, 100 mg/mL of chloramphenicol, and 25 mg/ mL of cycloheximide). Then the solution was layered over a 20% to 60% Suc density gradient and centrifuged at 41,000 rpm (model no. SW 55 Ti Swinging Bucket rotor; Beckman Coulter) for 2 h at 4°C. After ultracentrifugation, the gradients were monitored and fractionated into 14 fractions at an absorbance of 254 nm using a Gradient Fractionator (Biocomp) including a UV detector. The polysome-RNA fractions were pooled and treated by 5% (w/v) SDS/0.2 M of EDTA, and then extracted twice with an equal volume of phenol/chloroform/ isoamyl alcohol (25:24:1; v/v/v). The mixture was centrifuged at 12,000 rpm for 5 min at 10°C and RNA was precipitated by isopropanol followed by washed using 70% (v/v) ethanol, and eventually resuspended for the library construction.
Library Construction and Sequencing
Libraries of RNA-seq, m 6 A-seq, and polysome profiling were generated using the NEBNext Ultra II RNA Library Prep Kit (model no. E7770S; New England Biolabs) according to the manufacturer's instructions. The libraries were sequenced with 150-bp paired reads on a model no. HiSeq X Ten platform (Illumina).
m 6 A Peak Calling
Raw paired-end reads of m 6 A-seq and input RNA-seq were filtered and adapter sequences were trimmed out by the tool Trimmomatic v0.35 (Bolger et al., 2014) with the parameters ILLUMINACLIP TruSeq3-PE-2.fa MINLEN 30. Cleaned reads from B73 samples were aligned to the maize B73 reference genome, AGPv4.38 (Jiao et al., 2017) and cleaned reads from Mo17 samples were mapped to the maize Mo17 reference genome, CAU-1.0 using the software Hisat2 v2.1.0 (Kim et al., 2015) with the parameters 25 1 23 1-dta. Reads matching to less than five places were retained for further analysis. m 6 A peaks were identified using the MACS2 peak calling algorithm (Zhang et al., 2008) with the input as background and the parameter of effective genome size was adjusted to the transcriptome size (417272442) and the q value was set to 0.01. Peaks that overlapped in at least 50% of their length between two biological replicates were designated as high confidence m 6 A peaks using the software package BedTools v2.17.0 (Quinlan and Hall 2010) . The m 6 A intensity was defined as fold changes of m 6 A peaks from MACS2 output.
The analysis of m 6 A peak enrichment based on six nonoverlapping transcript segments was performed as follows: 59UTR [transcription start site, CDS start codon 2 101 bp], start codon segment [CDS start codon 2 100 bp, CDS start codon 1 100 bp], CDS [CDS start codon 1 101 bp, CDS stop codon 2 101 bp], stop codon segment [CDS stop codon 2 100 bp, CDS stop codon 1 100 bp], 39UTR [CDS stop codon 1 101 bp, transcription termination site], and intron segment. Each of the m 6 A sites is represented only once in the analysis. For genes with multiple mRNA transcripts, the longest one was selected. Each high confidence peak was annotated to one of these regions using BedTools (Quinlan and Hall 2010) .
m 6 A Motif Analysis
All m 6 A peaks were sorted according to fold change and the top 2,000 peaks were chosen for the de novo motif analysis using the both of the two programs MEME v4.10.2 (Bailey et al., 2009 ) and HOMER v4.9 (Heinz et al., 2010) . The 101-nt-long sequences derived from the sense strand and centered around the peak summit were extracted using the "fastaFromBed" function in BedTools (Quinlan and Hall 2010) and used as input for MEME (Bailey et al., 2009 ) and HOMER (Heinz et al., 2010) . The meme script in MEME (Bailey et al., 2009) and the findMotifs.pl script in HOMER (Heinz et al., 2010) were used for the de novo motif analysis.
APA Analysis
Genes with multiple poly(A) sites were defined according to maize B73 gene annotations (AGPv4.38; www.maizegdb.org).
RNA-Seq Analysis and Translational Status Calculation
Raw paired-end reads of polysome profiling and RNA-seq were processed and aligned the same as described above for m 6 A peak calling. Gene transcriptional and translational levels were estimated by calculating fragments per kilobase of transcript per million fragments (FPKM) by the software StringTie v1.3.3 (Pertea et al., 2015) with default parameters. The translational status was calculated by "FPKM(translational level)/FPKM(transcriptional level)" as described in Lei et al. (2015) . Inbred-specific expression was defined as genes with the FPKM $ 1 of mRNA abundance in one in-bred, but FPKM , 1 in the other.
GO Analysis
K-means clustering was used to explore genes coordinated in the levels of m 6 A methylation and translational status. On the basis of both the Elbow (the factoextra function in the R package; https://www.r-project.org/) and Average silhouette (the factoextra function in the R package) methods, four clusters were determined as the optimal number of clusters. To avoid skewing distance calculation due to difference in scale and variance of the expression measurements, each level of m 6 A methylation and translational status was firstly converted to percentiles using the empirical cumulative distribution function. The software FuncAssociate v3.0 (http://llama.mshri.on.ca/funcassociate/; Berriz et al., 2009 ) was used to assess enrichment of GO terms for each cluster. The gene list for background input was explicitly defined as the set of genes included in all clusters. We defined significant enrichment as GO terms with adjusted P value , 0.05. Adjusted P value was the fraction (as percent) of 1,000 null-hypothesis simulations having attributes with this single-hypothesis P value or smaller.
Enriched GO terms were visualized with the software Cytoscape 3.3.0 (Shannon et al., 2003) installed with the Enrichment Map plugin (Merico et al., 2010) . Within the enrichment maps, each node indicates an enriched GO pathway and the node size is proportional to the total number of genes in each pathway.
RT-qPCR
RT-qPCR was performed as described in Duan et al. (2017) . Briefly, 0.5-mg RNA from m 6 A-IP, input, and polysome profiling were used for reverse transcription using the Maxima H Minus cDNA Synthesis Master Mix with ds-DNase (Thermo Fisher Scientific). RT-qPCR was performed using TB Green Premix Ex Taq (TaKaRa). Zm00001d019684 was used as an internal control gene for the normalization. All primers used in this study are listed in Supplemental  Table S10 .
Analyses in Mo17
To reduce mapping bias, we built a Mo17 pseudogenome by substituting single nucleotide polymorphisms in the maize B73 reference genome (AGPv4.38) to Mo17 nucleotides. After that, reads of m 6 A-seq, RNA-seq, and polysome profiling from Mo17 samples were remapped to the Mo17 pseudogenomes, and all the related analyses in Mo17 were conducted the same as for B73, as described above.
Accession Numbers
The high-throughput sequencing data generated in this study have been deposited at the National Center for Biotechnology Information's Gene Expression Omnibus database repository (http://www.ncbi.nlm.nih.gov/geo/) under the accession number GSE124543. All raw data in this study also were converted to bigWig files (https://genome.ucsc.edu/goldenpath/help/ bigWig.html) and deposited in the web-based tool Comparative Genomics (https://genomevolution.org/coge/) for visualization. The accession numbers for these bigwig files are listed in Supplemental Table S11 .
Supplemental Material
The following supplemental materials are available.
Supplemental Figure S1 . The number of methylated transcripts containing different m 6 A sites in B73.
Supplemental Figure S2 . RT-qPCR validation for nine randomly selected genes containing m 6 A methylation.
Supplemental Figure S3 . The number of methylated transcripts containing various combinations of m 6 A sites within six transcript segments in B73.
Supplemental Figure S4 . Distribution pattern of m 6 A sites in Mo17.
Supplemental Figure S5 . The conserved m 6 A motif sequence in Mo17.
Supplemental Figure S6 . GO enrichment analysis for m 6 A-methylated genes in Mo17.
Supplemental Figure S7 . Association of m 6 A with APA usage in Mo17.
Supplemental Figure S8 . The proportion of genes with APA usage according to the genic location of m 6 A in B73 (top) and Mo17 (bottom).
Supplemental Figure S9 . Correlation between m 6 A strength and mRNA abundance in B73 and Mo17.
Supplemental Figure S10 . The repeatability between two biological replicates for both RNA-seq data (left) and polysome profiling data (right) in B73 (top) and Mo17 (bottom).
Supplemental Figure S11 . Positive effect of RNA abundance on translational status in B73.
Supplemental Figure S12 . m 6 A-RT-qPCR of polysome-associated mRNA and total mRNA.
Supplemental Figure S13 . GO analysis of genes with m 6 A marks at different transcript segments in B73.
Supplemental Figure S14 . "Elbow" and "Average silhouette" method for the identification of the optimal number of clusters in B73.
Supplemental Figure S15 . The relationship between clusters and m 6 -A-related characteristics in B73.
Supplemental Figure S16 . Positive effect of RNA abundance on the translational status in Mo17.
Supplemental Figure S17 . Effect of the m 6 A modification on translation in Mo17.
Supplemental Figure S18 . "Elbow" and "Average silhouette" method for the identification of the optimal number of clusters in Mo17.
Supplemental Figure S19 . Effect of the m 6 A modification on translation in Mo17.
Supplemental Figure S20 . The specific expressed and modified genes in B73 and Mo17.
Supplemental Figure S21 . Hundreds of genes with differential levels of m 6 A modification between B73 and Mo17.
Supplemental Figure S22 . Translational status between Type II and Type III across the different mRNA segments.
Supplemental Figure S23 . Proportion of m 6 A-modified genes within transcripts with or without APA usage among different species.
Supplemental Table S1 . The list of m 6 A-containing protein-coding genes showing peak summit locations, m 6 A level, and translational status in B73.
Supplemental Table S2 . The list of m 6 A-containing long non-coding RNAs showing peak summit locations and m 6 A level in B73.
Supplemental Table S3 . The list of m 6 A-containing transposable elements showing peak summit locations and m 6 A level in B73.
Supplemental Table S4 . The list of m 6 A-containing protein-coding genes showing peak summit locations, m 6 A level, and translational status in Mo17.
Supplemental Table S5 . The list of m 6 A-containing transposable elements showing peak summit locations and m 6 A level in Mo17.
Supplemental Table S6 . mRNA abundance of all expressed genes in two independent biological replicates in B73.
Supplemental Table S7 . mRNA abundance of all expressed genes in two independent biological replicates in Mo17. Supplemental Table S8 . GO term enrichments for the clusters identified in Figure 3C . Supplemental Table S9 . GO term enrichments for the clusters identified in Supplemental Figure S19A . Supplemental Table S10 . The list of primers used in the study. Supplemental Table S11 . The list of accession numbers for "bigWig" files in this study.
